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BACKGROUND: Early-life exposure to the endocrine disruptor bisphenol A (BPA) may contribute to
the development of obesity. Prospective evidence in humans on this topic is limited.

OBJECTIVES: We examined prenatal and early-childhood BPA exposures in relation to childhood
measures of adiposity in the Columbia Center for Children’s Environmental Health (CCCEH)
New York City birth cohort.

METHODS: BPA concentrations were measured in prenatal (z = 375) and child ages 3 (z = 408)
and 5 years (z = 518) spot urine samples. Childhood anthropometric and bioelectrical impedance
outcomes included body mass index z-scores (BMIZ) at 5 and 7 years, and fat mass index (FMI),
percent body fat (%BF), and waist circumference (WC) at 7 years. Associations were evaluated
using multiple linear regression with continuous and tertile BPA concentrations.

RESULTS: Prenatal urinary BPA concentrations were positively associated with child age 7 FMI
(B = 0.31 kg/m? 95% CI: 0.01, 0.60, = 0.04), %BEF (B = 0.79; 95% CI: 0.03, 1.55, p = 0.04), and
WC (B = 1.29 cm; 95% CI: 0.29, 2.30, p = 0.01), but not BMIZ, or change in BMIZ between ages
5 and 7 years (all p-values > 0.1). FMI results were sex-specific. Child urinary BPA concentrations
were not associated with child anthropometric outcomes (all p-values > 0.05).

CONCLUSIONS: Analyses of the CCCEH longitudinal birth cohort found associations between
prenatal urinary BPA concentrations and FMI, %BF, and WC. Our results suggest that prenatal
BPA exposure may contribute to developmental origins of adiposity. These findings are consistent
with several prior studies, raising concern about the pervasiveness of BPA.
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Introduction

Obesity in children, defined by a body mass
index (BMI) greater than or equal to the 95th
percentile for age and sex, is an epidemic of
great concern in the United States. According
to the Robert Wood Johnson Foundation
(RW]JF), childhood obesity rates (ages
2-19 years) have more than tripled between
the years 1980 and 2010 (RWJF 2012). Long-
term risks of childhood obesity include meta-
bolic syndrome, type 2 diabetes, cardiovascular
disease, and reduced adult life expectancy, with
children of minority status at greater risk for
becoming obese (Shaibi et al. 2007; Singh
et al. 2010; Strauss and Pollack 2001). The
2007-2008 overall prevalence of obesity and
overweight was 20.3% and 17.6% for New
York City (NYC) public school children, with
African American and Hispanic having higher
odds than white children of being obese [odds
ratio (OR) = 1.11; 95% confidence interval
(CD): 1.07, 1.15 and OR = 1.48; 95% CI:
1.43, 1.53, respectively] (Rundle et al. 2012).
Early-life exposure to endocrine disruptors,
such as bisphenol A (BPA), may be contrib-
uting to the obesity epidemic (Griin and
Blumberg 2006). Endocrine disruptors may
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also lead to altered metabolic regulation early
in life (Chevalier and Fénichel 2015).

BPA is a known endocrine-disrupting
chemical and a key component in poly-
carbonate plastics and epoxy resins that
are commonly used in consumer products,
resulting in significant human exposure
(Calafat et al. 2008; Vandenberg et al. 2007,
2010). Exposure pathways include oral,
dermal, and inhalation, with dietary intake
the primary route (Wilson et al. 2003; Zalko
et al. 2011). Prenatal exposure may occur
in utero or by use of catheters during delivery
(Tkezuki et al. 2002; Schonfelder et al. 2002;
Vandentorren et al. 2011).

Cross-sectional studies suggest that BPA
exposure is associated with obesity in children
(Bhandari et al. 2013; Eng et al. 2013; Li et al.
2013; Trasande et al. 2012; Wang et al. 2012;
Wells et al. 2014). However, because diet is
an exposure route, reverse causality cannot
be ruled out for these cross-sectional findings
because obese children may have greater
exposure to BPA due to higher dietary intakes.
Longitudinal data on effects of prenatal BPA
exposure on postnatal adiposity are limited
due to dissimilarities in outcome measures,

child age, and geographic geographic location
(Braun et al. 2014; Chou et al. 2011; Harley
et al. 2013; Lee et al. 2014; Philippat et al.
2014; Snijder et al. 2013; Tang et al. 2013;
Valvi et al. 2013). Only two other U.S. studies
that investigated BPA exposure and obesity
vary in their anthropometric outcomes: body
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mass index (BMI) trajectories and waist
circumference (Braun et al. 2014) and BMI,
waist circumference, fat mass, and body fat
percent (Harley et al. 2013). We hypothe-
sized that prenatal and early childhood BPA
exposure would be positively associated with
childhood adiposity at ages 5 and 7 years in a
NYC inner-city birth cohort.

Methods
Study Design and Population

Study subjects are participants in the prospec-
tive birth cohort of the Columbia Center for
Children’s Environmental Health (CCCEH)
in Northern Manhattan and the South Bronx,
New York. Mother—child pairs were selected if a
maternal prenatal urine sample was analyzed for
BPA (1 = 375) (see Figure S1). We additionally
included children if BPA concentration in urine
was measured at child age 3 (z = 408) and/or
5 years (n = 518) (see Figure S2). The CCCEH
study design is described elsewhere (Perera et al.
2003; Whyatt et al. 2003). Briefly, we enrolled
727 women ages 18-35 years old during their
third trimester of pregnancy. Women were
included if they self-identified as either African
American or Dominican and had resided in
Northern Manhattan or the South Bronx for at
least 1 year before pregnancy. Exclusion criteria
included mother’s report of cigarette smoking
or use of other tobacco products during preg-
nancy, illicit drug use, diabetes, hypertension,
known HIV, or a first prenatal visit after the
20th week of gestation. Research staff abstracted
medical records of the mother and infant at
delivery to ascertain prenatal medical history
and birth outcomes. We contacted partici-
pants every 3 months until child age 5 years
and every 6 months thereafter for questionnaire
follow-up, with children’s biological samples
collected biennially beginning at age 3 years.
The CCCEH study has retained documentation
regarding loss to follow-up status and reasons for
missed intervals.

Data collection was completed through
age 7 years in August 2013 and laboratory
measurement of urinary BPA was completed
for all samples. Study procedures, question-
naires, and collection of biological samples
were explained to each subject at enrollment,
and a signed consent, approved by the IRB of
Columbia University Medical Center and the
Centers for Disease Control and Prevention
(CDC), was obtained.

Urinary Biomarker Collection

For mothers, urine was collected between
1999 and 2006 during the third trimester
of pregnancy (mean + SD gestational age,
34 + 3 weeks) concurrent with administra-
tion of the baseline questionnaire by trained
bilingual interviewers. In children, urine
was collected concurrent with follow-up
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questionnaires between 2001 and 2010. All
samples were spot urine samples collected at
varying times of day. The date, but not the
exact time of collection, was available.

The total (free plus conjugated) BPA
urinary concentrations (ng/mL) were measured
as previously described (Calafat et al. 2008).
The limit of detection (LOD) was 0.4 ng/mL.
Specific gravity, as a measure of urinary
dilution, was quantified at room temperature
at Columbia University with a handheld
refractometer (PAL 10-S; Atago).

We also measured four urinary metabo-
lites of di(2-ethylhexyl) phthalate (DEHP)
at CDC: mono(2-ethylhexyl) phthalate,
mono(2-ethyl-5-carboxypentyl) phthalate,
mono(2-ethyl-5-hydroxyhexyl) phthalate, and
mono(2-ethyl-5-oxohexyl) phthalate (Kato
et al. 2005; Silva et al. 2007). DEHP metabo-
lite LODs ranged from 0.2 to 1.2 ng/mL.
Urinary concentrations of DEHP metabolites
and BPA were positively correlated (7 coeflicient
range, 0.16-0.34) in the CCCEH birth cohort
(Hoepner et al. 2013), and in the Health
Outcomes and Measures of the Environment
(HOME) study (Braun et al. 2011). BPA was
undetectable prenatally (6%) and at child ages
3 years (2%) and 5 years (2%). For the few BPA
and DEHP metabolites results < LOD, the
value of LOD/2 was substituted, consistent with
prior analyses (Whyatt et al. 2003, 2009).

Anthropometric Measurements

Weight before pregnancy was self-reported by
the mother during the third trimester. Birth
weight was collected from the hospital medical
record. We collected body size measurements
and/or body composition data for children
age 5 years (n = 498) and 7 years (z = 511). A
Detecto Cardinal 750 digital scale/stadiometer
(Cardinal Scale Manufacturing Company) was
used to collect standing height measurements
at ages 5 and 7 years until January 2010. After
January 2010, we assessed standing height
with the Holtain-Harpenden Wall Mounted
Stadiometer Counter 602VR (Holtain
Limited). Body composition values, including
fat mass, were collected with the Tanita Digital
Body Mass Indicator Scale BC-148 (Tanita
Corporation of America) at age 7 years.
Children wore light clothing and no shoes.
Body mass index z-scores (BMIZ) were quan-
tified using the SAS programs provided by
the CDC (2011). Fat mass index (FMI) was
calculated using the algorithm [fat mass(kg)/
height(m)?] (Vanltallie et al. 1990). Waist
circumference (WC) was measured at a level
midway between the lower rib margin and iliac
crest using a nonstretchable measurement tape.

Statistical Analysis

BPA concentrations and the molar sum of
DEHP metabolite concentrations (3 DEHP)
were natural log (In)—transformed for analysis

VOLUME 124 | NumBER 10 | October 2016

BPA exposure and adiposity

to correct for their non-normal distribu-
tion. Specific gravity values were standard-
ized by z-score transformation to stabilize
model constant estimates. The standardized
specific gravity concentrations were included
in regression models as a covariate except for
models with BPA concentration tertiles as the
predictor variables. Because using percentiles
is a method of ordering by rank, we arith-
metically adjusted BPA concentrations at each
urine collection interval to calculate tertiles by
first accounting for urinary dilution and then
In-transforming using the following formula:
Specific gravity adjusted/log-transformed
BPA = LN{BPA,,,, X [(mean specific gravity
for population at collection interval — 1)/
(individual specific gravity — 1)]} (Hauser
et al. 2004). In other words, the prenatal
BPA concentration was first specific gravity
adjusted and then natural-log transformed.

For childhood BPA exposure, we calcu-
lated the mean of BPA concentrations at
ages 3 and 5 years. In the absence of two
childhood urinary concentrations, the single
existing concentration was used (7 = 51).

Linear regression analyses were conducted
to determine whether maternal prenatal urinary
BPA concentrations predicted birth weight,
BMIZ at ages 5 and 7 years, and the change
in BMIZ (ABMIZ) from age 5 to 7 years, as
well as FMI, percent body fat (%BF), and WC
at age 7 years. Additionally, linear regression
was used to analyze whether child urinary BPA
concentrations from age 3 years or the mean
of ages 3 and 5 years predict BMIZ at ages 5
and 7 years, ABMIZ from age 5 to 7 years, and
EMI, %BF, and WC at age 7 years. To assess
the representativeness of the subset analyzed,
ttests and chi-square tests were performed to
compare subjects with and without prenatal
and postnatal BPA concentrations and with
and without anthropometric outcomes at
5 years and 7 years of age.

Maternal prenatal urinary BPA concen-
trations were evaluated separately from child
based on prior analyses in the CCCEH
birth cohort confirming that prenatal BPA
concentrations were not correlated with
and were significantly lower than childhood
BPA concentrations (Hoepner et al. 2013).
However, we separately assessed as potential
confounders the prenatal BPA concentrations
in childhood predictor regression models
and the childhood BPA concentrations in
the prenatal predictor regression models and
found no confounding. Furthermore, we did
not find an association between prenatal BPA
concentrations with maternal weight gain
during pregnancy, so we did not consider it to
be a confounder variable in our analysis.

Variables were tested for in the regression
models if we had previously found they were
associated with BPA and if they were expected
to be associated with dietary patterns and
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obesity (Hoepner et al. 2013; Rundle et al.
2012). Variables were included in the model
if they were significantly (p < 0.05) associated
with the outcome. The following variables
were controlled for in the analyses of child
anthropometric measures at ages 5 and 7 years:
specific gravity, In YDEHP, race/ethnicity,

Table 1. Characteristics of mothers and children
with available birth weight and/or prenatal
weight gain, and prenatal urinary BPA measures
(n=369).

Characteristic Value
Categorical variables [n(%)]
Sex of child
Female 201 (54.5)
Male 168 (45.5)
Race/ethnicity
African-American 131(35.5)
Dominican 238 (64.5)
Foreign born?
USA born 162 (44)
Foreign born 206 (56)
Maternal prepregnancy obesity
(BMI > 30 kg/m?)?
Yes 75(20.3)
No 285(77.2)
Parity
Nulliparous 168 (45)
Multiparous 201 (54)
Continuous variables (mean + SD)
Birth weight (g) 3,365 + 475
Maternal prepregnancy BMI@ (kg/m?) 25.80 +6.00
Prenatal BPA (ng/mL) 3.03+4.16

aSubjects missing data on each variable: Foreign born
n=1, Prepregnancy obese n=9, Prepregnancy BMI n=9.

dichotomous maternal prepregnancy obesity,
child sex, birth weight, and gestational age.
Models including prenatal BPA concentra-
tions also included prenatal specific gravity and
In ¥DEHP, whereas models including child-
hood BPA concentrations included childhood
specific gravity and In Y DEHP. Additionally,
we controlled for height in the analyses of
outcomes: %BF at age 7 years and WC at
age 7 years.

We stratified analyses by child sex in
order to explore differences in associations
by sex that had been found in other studies
(Harley et al. 2013). Possible interactions
between BPA concentration and child sex
were assessed for all BMIZ and 7-year body
composition outcomes.

We conducted sensitivity analyses using
baseline data and logistic regression models to
estimate inverse probability weighting (IPW)
for successful follow-up to assess potential
bias of effect estimates due to loss to follow-
up and missing anthropometric data (Curtis
et al. 2007; Herndn et al. 2004; Robins
et al. 2000; Rundle et al. 2012; Widen et al.
2015). To estimate the weights, we included
all variables in each of our final models,
mother’s satisfaction with living conditions,
mother’s years of school completed at time
of pregnancy, as well as geographic informa-
tion system variables using 2000 U.S. Census
block—group data aggregated to 1-km radial
neighborhood buffers around the home:

Table 2. Characteristics of subjects with urinary BPA measures and childhood anthropometric outcomes.

linguistic isolation and neighborhood socio-
economic status (Rundle et al. 2012).

For all analyses, we considered results
with p < 0.05 to be statistically significant.
Analyses were performed using IBM SPSS
Statistics version 22.0 (IBM Corp.) and Stata
version 13.0 (StataCorp).

Results

Demographic and clinical characteristics of the
369 participants with prenatal BPA concentra-
tions and available birth outcomes data are
presented in Table 1. Table 2 shows the char-
acteristics of the study participants grouped by
BPA concentration interval and age at which
anthropometric measures were collected. There
was no significant difference between subjects
with and without prenatal and postnatal BPA
concentrations. Additionally, there was no
significant difference between subjects with
and without anthropometric outcomes at
5 years and 7 years of age.

Prenatal BPA Concentration
versus Child Anthropometry

Prenatal BPA concentrations were not asso-
ciated with birth weight (see Table S1).
Results from analyses of fully adjusted
In-transformed prenatal BPA concentra-
tions and child anthropometric outcomes
are shown in Table 3. Overall, prenatal BPA
concentrations were not significantly associ-
ated with BMIZ at ages 5 years or 7 years

Prenatal BPA Age 3 years BPA Age 3 and/or 5 years BPA
5 year anthropometry 7 year anthropometry 5 year anthropometry 7 year anthropometry

Characteristic (n=300) (n=308) (n=317) (n=325)
Categorical variables [ (%]]
Sex of child

Female 165 (55) 164 (53) 164 (52) 173 (53)

Male 135 (45) 144 (47) 153 (48) 152 (47)
Race/ethnicity

African American 113 (38) 113(37) 131 (41) 136 (42)

Dominican 187 (62) 195 (63) 186 (59) 189 (58)
Prepregnancy obesity (BMI > 30 kg/m?)

Yes 64 (21) 65(21) 71(22) 71(22)
Child overweight/obese status

Overweight (BMI 85th—95th percentile) 49 (16) 64 (21) 52 (16) 58 (18)

Obesity (BMI > 95th percentile) 54 (18) 72 (23) 67 (21) 86 (26)
Continuous variables (mean + SD)
Prepregnancy weight (g) 67.24 +17.64 67.58 +17.69 68.35+18.16 68.78 + 18.12
Prepregnancy BMI 2566 +6.11 25.79+6.14 25.87 £6.11 25.95+6.13
Birth weight (g) 3,356 + 480 3,371 £ 487 3,381 +£492 3,385+ 499
BMI 16.52 +2.73 17.93 +3.43 16.78 +2.82 18.19+3.62
BMI zscore 0.42+1.42 0.79+1.15 0.58+1.37 0.86+1.15
Median BMI percentile (interquartile range) 69.47 (32.36-92.13) 81.12 (53.38-94.27) 74.88 (37.40-93.11) 81.17 (54.24-95.72)
Fat mass (kg) — 7.19+£3.92 — 7.47 +£4.09
FMI2 — 451+2.18 — 467 +2.25
Percent body fat? — 24.13 +6.06 — 2453+6.14
Waist circumference? (cm) — 23.50 +8.27 — 23.50 +8.43
Prenatal BPA (ng/mL) 312+4.42 3.06 +4.35 — —

Child BPA (ng/mL)

8.12+12.70 3year: 8.05+12.53
5year: 5.35+6.51

3and/or5year: 6.72 +7.43

aSubjects with prenatal BPA concentration and missing data on each variable at age 7 years: fat mass index n = 8, fat mass n =8, percent body fat n = 8, waist circumference n=11; subjects
with mean childhood BPA concentration and missing data on each variable at age 7 years: fat mass index n = 22, fat mass n= 22, percent body fat n = 22, waist circumference n=28.
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or ABMIZ from 5 to 7 years. Prenatal BPA
concentrations were positively associated
with FMI at age 7 years (f = 0.31 kg/mz;
95% CI: 0.01, 0.60, p = 0.04,). Prenatal
BPA concentrations were also positively asso-
ciated with %BF at age 7 years (B = 0.79,
p = 0.04) and with WC at age 7 years
(B=129cm, p=0.01).

To determine whether the FMI results
were attributable to the fat mass or the height
component of the index, we substituted the
fat mass itself as the dependent variable in
the model. Prenatal BPA concentrations were
positively associated with fat mass regard-
less of the addition of height as a covariate
(adjusting for height: B = 0.55 kg, p = 0.02;
without adjustment for height: B = 0.57 kg,
2 = 0.03). Prenatal BPA concentrations and
height were not associated. Exclusion of the
prenatal In Y DEHP covariate from the model
not appreciably change the associations.

Prenatal Tertile Analysis

Linear regression analysis using tertiles of
prenatal BPA concentrations as predictor vari-
ables, with the first tertile as the reference,
suggested positive linear associations with

FMI, %BF, and WC (Table 3).
Prenatal Differences by Child Sex

After stratifying by sex, among girls there
was a positive association between prenatal
BPA concentrations and 7-year FMI and WC
(Table 4). Among boys, there was no associa-
tion between prenatal BPA concentrations and
anthropometric outcomes. The interaction

between sex and BPA concentrations was
significant (Table 4).

Postnatal BPA Concentration
versus Child Anthropometry

Child BPA concentrations had a borderline
negative association with ABMIZ from 5 to
7 years (B = =0.10; 95% CI: —0.02, 0.005,
p = 0.06). Child BPA concentrations were
not associated with FMI, %BF, or WC at age
7 years (see Table S2).

Postnatal Tertile Analysis

Linear regression analysis using tertiles of
child BPA concentrations as predictor vari-
ables, with the first tertile as the reference,
was consistent with the borderline negative
association with ABMIZ from 5 to 7 years
(see Table S2). Higher exposure to BPA may
be associated with lower ABMIZ.

Postnatal Differences by Child Sex

When we conducted analyses stratified by sex
we found a negative association between child
urinary BPA concentrations and ABMIZ
from 5 to 7 years for girls and no associations
for boys (see Table S3). Interaction terms for
postnatal BPA concentrations and sex were
not significant.

IPW Analysis

Weighting the data by the inverse probability
of follow-up and complete anthropometric
and biomarker data collection by 7 years did
not appreciably change the size of the effect
estimates (data not shown).

BPA exposure and adiposity

Discussion
We observed a positive association between
prenatal urinary BPA concentration and
childhood FMI, %BF, and WC at age
7 years. These results suggest prenatal BPA
exposure is associated with overall body fat
and central adiposity, accounting for height.
However, contrary to our hypotheses, we
found that maternal urinary BPA concentra-
tions were not associated with birth weight,
childhood BMIZ at ages 5 and 7 years, and
ABMIZ from age 5 to 7 years. The differences
in results across anthropometric outcomes
may reflect differences in the construct
validity of body composition versus BMI as
measures of child adiposity. BMIZ alone may
not be the best measure of adiposity in prepu-
bertal children (Mueller et al. 2013). The few
pediatric studies in the United States that
evaluated BMI versus FMI concluded that
these measures are not equivalent for deter-
mining excess adiposity in children (Weber
et al. 2013). This is particularly important
when considering sex because the body
composition components of fat mass and lean
body mass differ between sexes (Weber et al.
2013). Literature on birth cohort studies of
childhood obesity outcomes related to BPA
exposure is limited, and only one study
included longitudinal analyses of prenatal
BPA exposure effects on school-age boys and
girls (Braun et al. 2014; Harley et al. 2013;
Philippat et al. 2014; Valvi et al. 2013).

In our analysis, we found sex-specific
associations with prenatal BPA exposures
and FMI at age 7 years. In the Cincinnati,

Table 3. Associations between prenatal urinary BPA concentrations and child anthropometric outcomes [ coefficient (95% CI)].

Change from age

Age 5 years 51to 7 years Age 7 years
BPA measures BMI zscore BMI z-score BMI zscore FMI Percent body fat ~ Waist circumference (cm)
Continuous In-transformed BPA concentrations®?
Prenatal BPA (n=300) (n=279) (n=308) (n=300) (n=300) (n=297)
0.04(-0.16, 0.24) 0.06 (-0.06, 0.18) 0.11(-0.04, 0.26) 0.31*(0.01, 0.60) 0.79*(0.03, 1.55) 1.29%(0.29, 2.30)
Tertiles of specific gravity-adjusted In-transformed
prenatal BPA concentrations (in ng/mL)?¢
<0.33 Reference Reference Reference Reference Reference Reference
0.33-0.98 -0.29(-0.70,0.12) 0.16(-0.09,0.40)  —0.10(-0.42,0.21) ~ 0.004 (-0.61, 0.40) 0.13(-1.45,1.71) 0.89(-1.21, 3.00)
>0.98 -0.09(-0.51,0.32) 0.16 (-0.09, 0.41) 0.10(-0.22,0.42) 0.47 (-0.14,1.09) 0.73(-0.86, 2.32) 1.93(-0.20, 4.06)

aAll analyses controlled for maternal variables: prepregnancy obesity, race/ethnicity, prenatal >DEHP, prenatal urinary specific gravity; child variables: sex, birth weight, gestational age.
bpdditionally, height was controlled for in analyses of percent body fat and waist circumference. °All analyses controlled for maternal variables: prepregnancy BMI, race/ethnicity,
prenatal XDEHP; child variables: sex, birth weight, gestational age. *p < 0.05. #p < 0.1.

Table 4. Associations? between In-transformed prenatal urinary BPA concentrations and child anthropometric outcomes stratified by sex and age 7 year inter-
action analysis [B coefficient (95% CI)].

Change from age

Age 5 years 5to 7 years Age 7 years
Prenatal BPA (ng/mL) BMI z-score BMI zscore BMI z-score FMI Percent body fat ~ Waist circumference (cm)
Girls (n=165) (n=153) (n=164) (n=161) (n=161) (n=160)
0.02 (-0.26, 0.30) 0.04(-0.14,0.20) 0.12(-0.10, 0.33) 0.48*(0.5,0.91) 0.74(-0.32,1.81) 1.45* (0.5, 2.85)
Boys (n=135) (n=126) (n=144) (n=139) (n=139) (n=137)
0.09 (-0.20, 0.37) 0.03(-0.14,0.21) 0.10(-0.12,0.32) 0.06 (-0.35, 0.47) 0.73(-0.40,1.87) 1.07 (-0.47, 2.67)
p-Value (BPA) x (sex) — — 0.4 0.04* 0.51 0.32

aAll analyses controlled for maternal variables: prepregnancy obesity, race/ethnicity, prenatal XDEHP, prenatal urinary specific gravity; child variables: birth weight, gestational age.
Additionally, height was controlled for in analyses of percent body fat and waist circumference. *p < 0.05. #p < 0.1
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Ohio—based HOME study, a prospective
cohort composed primarily of white (67%)
and African-American (27%) children
(n = 297), prenatal urinary BPA concen-
trations were not associated with BMI at
ages 2-5 years (Braun et al. 2014). In the
aforementioned study, an increase in child-
hood BMIZ slope per prenatal BPA tertile
was observed, but sex-specific associations
were weak and based on a small sample size
(Braun et al. 2014). However, accelerated
growth may be attributable to a variety of
factors including fat mass and fat-free mass
that can be determined only with body
composition techniques.

Conversely, the “INfancia y Medio
Ambiente” (INMA) population-based birth
cohort in Spain reported positive associations
between prenatal urinary BPA concentration
and body size outcomes BMI and WC at age
4 years and no sex differences (Valvi et al.
2013). Others did not identify an association
of prenatal urinary BPA with weight or WC
at age 3 years in a French birth cohort subset
of boys only (Philippat et al. 2014). In the
Center for the Health Assessment of Mothers
and Children of Salinas (CHAMACOYS)
birth cohort consisting primarily (98%) of
Mexican-American mothers and children in
California, researchers found prenatal urinary
BPA concentrations to be inversely related
to 9 year BMIZ and %BF for girls only;
concurrent urinary BPA concentrations were
positively related to BMI, fat mass, and WC
for both sexes at age 9 years (Harley et al.
2013). Similar to our results, early child-
hood (5 years) urinary BPA concentrations
in the CHAMACOS cohort were not related
to late childhood (9 years) anthropometric
outcomes. In addition, iz vitro and in vive
experimental studies have shown positive
associations between BPA exposure and
adipogenesis (Garcfa-Arevalo et al. 2014;
Masuno et al. 2002; Riu et al. 2011; Rubin
et al. 2001; Somm et al. 2009). Our results
are an important addition to the growing
literature on the potential role of BPA in the
developmental origin of overweight, obese,
and adipose deposition.

The longitudinal cohort design of
this study is a major strength because prior
cross-sectional studies (Bhandari et al. 2013;
Li et al. 2013; Trasande et al. 2012; Wang
et al. 2012) may be biased due to associations
between body size and higher food intake,
leading to higher exposures to BPA from
food. Strengths of our study include collecting
repeated urinary BPA concentrations and
direct assessment of childhood anthropometric
outcomes, with the addition of bioelectrical
impedance body composition measures at age
7 years. The analyses found consistent results
across the outcomes of FMI, %BF, and WC,
although these are inter-correlated.
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Another strength of our study is our
ability to control for socioeconomic and
additional environmental factors, including
urinary phthalate concentrations measured
concurrently with BPA. Additionally, our
study design provides the opportunity for
analysis of adiposity in understudied inner-
city minority populations. Although obesity
prevalence among Hispanic children increased
by 24.2% from 2003 to 2007 (Singh et al.
2010), there is little prior information on
prenatal and early childhood exposure
to BPA and effects on body size outcomes
among U.S. minority populations. Although
obesity prevalence among African-American
children increased 1.75% from 2003 to 2007,
according to National Health and Nutrition
Examination Survey (NHANES) data
from 1999 to 2012, Hispanic and African-
American children had an obesity prevalence
of 20.9% and 20.3%, respectively (Skinner
and Skelton 2014). Furthermore, although
the NHANES reports on BPA concentrations
among different ethnic groups, it is limited to
adults and children > 6 years of age (Calafat
et al. 2008). To date, no other study has eval-
uated the potential BPA effects on childhood
body size in a birth cohort composed entirely
of more than one minority group. According
to the 2010 U.S. Census, African Americans
and Hispanics are the dominant minority
populations in NYC (25.5% and 28.6%,
respectively) (U.S. Census Bureau 2012). In
our NYC-based birth cohort, composed of
African-American and Dominican mother—
child dyads currently being followed through
adolescence, we found associations between
prenatal BPA exposures and age 7 years
anthropometric outcomes measures.

The use of spot urine samples is a poten-
tial limitation of our study. Prior studies of
minority populations in the United States
found a low intraclass correlation (ICC)
for BPA between serial urine samples from
pregnant women in Puerto Rico (ICC = 0.27)
(Meeker et al. 2013) and African-American
and Hispanic children in NYC (ICC = 0.22)
(Teitelbaum et al. 2008). If, as expected,
the exposure misclassification because of
variability of urinary BPA concentrations
is nondifferential in regard to the outcome,
bias toward the null is expected. Thus, due
to the poor reliability of the biomarkers, the
findings for FMI, %BF, and WC are likely to
be underestimates of the true effects.

Although our study was limited by the
lack of dietary data during pregnancy and
childhood, accurate dietary data are extremely
difficult to acquire from young children given
age-related development of language skills
and recall ability. Dietary measures would
also require quantification of BPA in food
items, which was outside the scope of this
study. Another possible limitation is that body

composition at age 7 years was assessed with
bioelectrical impedance analysis, which has
been validated in some populations, but has
not been compared to gold-standard refer-
ence methods in a population similar to ours
(Haroun et al. 2009). Also, sex differences in
pubertal development may be associated with
body composition (Ahmed et al. 1999; Blum
et al. 1997; Kaplowitz 2008). Earlier puberty
in girls may lead to an estrogen-mediated
increase in body fat (Kaplowitz 2008).
Hormonal and precocious puberty data
were not available for this cohort. Therefore,
pubertal timing cannot be ruled out as a
possible driver of the sex-specific association
observed between prenatal BPA concentra-
tions and 7 year FMI and WC. Finally,
although we had missing anthropometric
and biomarker data from the children in our
cohort, IPW analysis suggested that loss to
follow-up did not bias our results.

Conclusions

In our longitudinal birth cohort, we found
positive associations between prenatal urinary
BPA concentrations and adiposity measures
at age 7 years: FMI, %BF, and WC. The
association with FMI was sex-specific for
girls. Thus, future studies of environmental
effects on childhood adiposity may be guided
to include puberty assessment. Our findings
suggest that prenatal BPA exposure may have
an effect on adiposity as children age, an
effect that cannot be observed by BMI-based
measures alone. Our study was the first to
examine and show associations between
prenatal exposure to BPA and adiposity
outcomes in school-aged children. As the
CCCEH cohort ages into adolescence and
emerging adulthood, follow-up studies will
be critical for evaluating whether the asso-
ciation between prenatal BPA and adiposity
persists over time.

REFERENCES

Ahmed ML, Ong KKL, Morrell DJ, Cox L, Drayyer N,
Perry L, et al. 1999. Longitudinal study of leptin
concentrations during puberty: sex differences
and relationship to changes in body composition.
J Clin Endocrinol Metab 84(3):899-905.

Bhandari R, Xiao J, Shankar A. 2013. Urinary
bisphenol A and obesity in U.S. children. Am J
Epidemiol 177(11):1263-1270.

Blum WF, Englaro P, Hanitsch S, Juul A, Hertel NT,
Miiller J, et al. 1997. Plasma leptin levels in healthy
children and adolescents: dependence on body
mass index, body fat mass, gender, pubertal
stage, and testosterone. J Clin Endocrinol Metab
82:2904-2910.

Braun JM, Kalkbrenner AE, Calafat AM, Bernert JT,
Ye X, Silva MJ, et al. 2011. Variability and predic-
tors of urinary bisphenol A concentrations during
pregnancy. Environ Health Perspect 119:131-137,
doi: 10.1289/ehp.1002366.

Braun JM, Lamphear BP, Calafat AM, Deria S, Khoury J,
Howe CJ, et al. 2014. Early-life bisphenol A

voLUME 124 | NumBer 10 | October 2016 - Environmental Health Perspectives



exposure and child body mass index: a prospec-
tive cohort study. Environ Health Perspect
122:1239-1245, doi: 10.1289/ehp.1408258.

CDC (Centers for Disease Control and Prevention).
2011. Growth Chart Training. A SAS Program for
the 2000 CDC Growth Charts (ages 0 to < 20 years).
Atlanta, GA:CDC. Available: http://www.cdc.gov/
nccdphp/dnpao/growthcharts/resources/sas.htm
[accessed 1 October 2012].

Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL.
2008. Exposure of the U.S. population to
bisphenol A and 4-tertiary-octylphenol: 2003—-2004.
Environ Health Perspect 116:39-44, doi: 10.1289/
ehp.10753.

Chevalier N, Fénichel P. 2015. Endocrine disruptors:
new players in the pathophysiology of type 2
diabetes? Diabetes Metab 41:107-115, doi:
10.1016/j.diabet.2014.09.005.

Chou WC, Chen JL, Lin CF, Chen YC, Shih FC,
Chuang CY. 2011. Biomonitoring of bisphenol A
concentrations in maternal and umbilical cord
blood in regard to birth outcomes and adipokine
expression: a birth cohort study in Taiwan. Environ
Health 10:94, doi: 10.1186/1476-069X-10-94.

Curtis LH, Hammill BG, Eisenstein EL, Kramer JM,
Anstrom KJ. 2007. Using inverse probability-
weighted estimators in comparative effectiveness
analyses with observational databases. Med Care
45(10 suppl 2):S103-S107.

Eng DS, Lee JM, Gebremariam A, Meeker JD,
Peterson K, Padmanabhan V. 2013. Bisphenol A
and chronic disease risk factors in US children.
Pediatrics 132(3):e637—e645.

Garcia-Arevalo M, Alonso-Magdalena P, Rebelo
Dos Santos J, Quesada I, Carneiro EM, Nadal A.
2014. Exposure to bisphenol-A during pregnancy
partially mimics the effects of a high-fat diet
altering glucose homeostasis and gene expres-
sion in adult male mice. PLOS One 9(6):100214,
doi: 10.1371/journal.pone.0100214.

Griin F, Blumberg B. 2006. Environmental obeso-
gens: organotins and endocrine disruption via
nuclear receptor signaling. Endocrinology 147(6
suppl):S50-S55.

Harley KG, Schall RA, Chevrier J, Tyler K, Aguirre H,
Bradman A, et al. 2013. Prenatal and postnatal
bisphenol A exposure and body mass index in
childhood in the CHAMACOS cohort. Environ
Health Perspect 121:514-520, doi: 10.1289/
ehp.1205548.

Haroun C, Croker H, Viner RM, Williams JE, Darch TS,
Fewtrell MS, et al. 2009. Validation of BIA in obese
children and adolescents and re-evaluation in
a longitudinal study. Obesity (Silver Spring)
17:2245-2250.

Hauser R, Meeker JD, Park S, Silva MJ, Calafat A. 2004.
Temporal variability of urinary phthalate metabolite
levels in men of reproductive age. Environ Health
Perspect 112:1734-1740, doi: 10.1289/ehp.7212.

Hernan MA, Hernandez-Diaz S, Robins JM. 2004. A
structural approach to selection bias. Epidemiology
15(5):615-625.

Hoepner LA, Whyatt RM, Just AC, Calafat AM,
Perera FP, Rundle AG. 2013. Urinary concentra-
tions of bisphenol A in an urban minority birth
cohort in New York City, prenatal through age
7 years. Environ Res 122:38-44.

Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y.
2002. Determination of bisphenol A concentrations
in human biological fluids reveals significant early
prenatal exposure. Hum Reprod 17(11):2839-2841.

Kaplowitz PB. 2008. Link between body fat and
the timing of puberty. Pediatrics 121(suppl
3):S208-S217.

Environmental Health Perspectives -

Kato K, Silva MJ, Needham LL, Calafat AM. 2005.
Determination of 16 phthalate metabolites in
urine using automated sample preparation and
on-line preconcentration/high-performance liquid
chromatography/tandem mass spectrometry. Anal
Chem 77(9):2985-2991.

Lee BE, Park H, Hong YC, Ha M, Kim Y, Chang N, et al.
2014. Prenatal bisphenol A and birth outcomes:
MOCEH (Mothers and Children’s Environmental
Health) study. Int J Hyg Environ Health
217(2-3):328-334.

Li DK, Miao M, Zhou Z, Wu C, Shi H, Liu X, et al. 2013.
Urine bisphenol-A level in relation to obesity and
overweight in school-age children. PLoS ONE
8(6):265399, doi: 10.1371/journal.pone.0065399.

Masuno H, Kidani T, Sekiya K, Sakayama K,
Shiosaka T, Yamamoto H, et al. 2002. Bisphenol A
in combination with insulin can accelerate the
conversion of 3T3-L1 fibroblasts to adipocytes.
J Lipid Res 43:676-684.

Meeker JD, Cantonwine DE, Rivera-Gonzalez LO,
Ferguson KK, Mukherjee B, Calafat AM, et al. 2013.
Distribution, variability and predictors of urinary
concentrations of phenols and parabens among
pregnant women in Puerto Rico. Environ Sci
Technol 47:3439-3447.

Mueller NT, Pereira MA, Buitrago-Lopez A,
Rodriguez DC, Duran AE, Ruiz AJ, et al. 2013.
Adiposity indices in the prediction of insulin resis-
tance in prepubertal Colombian children. Public
Health Nutr 16(2):248-255.

Perera FP, Rauh V, Tsai WY, Kinney P, Camann D,
Barr D, et al. 2003. Effects of transplacental
exposure to environmental pollutants on birth
outcomes in a multiethnic population. Environ Health
Perspect 111:201-205, doi: 10.1289/ehp.5742.

Philippat C, Botton J, Calafat AM, Ye X, Charles M,
Slama R, et al. 2014. Prenatal exposure to phenols
and growth in boys. Epidemiology 25(5):625-635.

Riu A, Grimaldi M, le Maire A, Bey G, Phillips K,
Boulahtouf A, et al. 2011. Peroxisome proliferator-
activated receptor vy is a target for halogenated
analogs of bisphenol A. Environ Health Perspect
119:1227-1232, doi: 10.1289/ehp.1003328.

Robins JM, Hernan MA, Brumback B. 2000. Marginal
structural models and causal inference in epide-
miology. Epidemiology 11(5):550-560.

Rubin BS, Murray MK, Damassa DA, King JC,
Soto AM. 2001. Perinatal exposure to low doses
of bisphenol A affects body weight, patterns of
estrous cyclicity, and plasma LH levels. Environ
Health Perspect 109:675-680.

Rundle A, Richards C, Bader MDM, Schwartz-
Soicher 0, Lee KK, Quinn J, et al. 2012. Individual-
and school-level sociodemographic predictors
of obesity among New York City public school
children. Am J Epidemiol 176(11):986-994.

RWJF (Robert Wood Johnson Foundation). 2012. F as
in Fat: How Obesity Threatens America’s Future,
2012. Available: http://www.rwijf.org/content/dam/
farm/reports/reports/2012/rwjf401318 [accessed
19 September 2012].

Schonfelder G, Wittfoht W, Hopp H, Talsness CE,
Paul M, Chahoud I. 2002. Parent bisphenol A accu-
mulation in the human maternal-fetal-placental
unit. Environ Health Perspect 110 :A703—-A707.

Shaibi GQ, Cruz ML, Weigensberg MJ, Toledo-
Corral CM, Lane CJ, Kelly LA, et al. 2007.
Adinoponectin independently predicts metabolic
syndrome in overweight Latino youth. J Clin
Endocrinol Metab 92(5):1809-1813.

Silva MJ, Samandar E, Preau JL Jr, Reidy JA,
Needham LL, Calafat AM. 2007. Quantification
of 22 phthalate metabolites in human urine.

VOLUME 124 | NumBER 10 | October 2016

BPA exposure and adiposity

J Chromatogr B Analyt Technol Biomed Life Sci
860:106—112.

Singh GK, Siahpush M, Kogan MD. 2010. Rising social
inequalities in US childhood obesity, 2003—-2007.
Ann Epidemiol 20(1):40-52.

Skinner AC, Skelton JA. 2014. Prevalence and trends
in obesity and severe obesity among children
in the United States, 1999-2012. JAMA Pediatr
168(6):561-566.

Snijder CA, Heederik D, Pierik FH, Hofman A,
Jaddoe VW, Koch HM, et al. 2013. Fetal growth and
prenatal exposure to bisphenol A: the Generation
R study. Environ Health Perspect 121:393-398, doi:
10.1289/ehp.1205296.

Somm E, Schwitzgebel VM, Toulotte A, Cederroth CR,
Combescure C, Nef S, et al. 2009. Perinatal
exposure to bisphenol A alters early adipogenesis
in the rat. Environ Health Perspect 117:1549-1555,
doi: 10.1289/ehp.11342.

Strauss RS, Pollack HA. 2001. Epidemic increase in
childhood weight, 1986-1998. JAMA 286:2845-2848.

Tang R, Chen MJ, Ding GD, Chen XJ, Han XM, Zhou K,
et al. 2013. Associations of prenatal exposure
to phenols with birth outcomes. Environ Pollut
178:115-120.

Teitelbaum SL, Britton JA, Calafat AM, Ye X, Silva MJ,
Reidy JA, et al. 2008. Temporal variability in urinary
concentrations of phthalate metabolites, phyto-
estrogens and phenols among minority children in
the United States. Environ Res 106:57—69.

Trasande L, Attina TM, Blustein J. 2012. Association
between urinary bisphenol A concentration and
obesity prevalence in children and adolescents.
JAMA 308(11):1113-1121.

U.S. Census Bureau. 2012. United States. QuickFacts
Provides Statistics for All States and Counties, and
for Cities and Towns with a Population of 5,000 or
More. Available: http://quickfacts.census.gov/qfd/
states/36/3651000.html [accessed 1 October 2012].

Valvi D, Casas M, Mendez MA, Ballesteros-Gomez A,
Luque N, Rubio S, et al. 2013. Prenatal bisphenol
A urine concentrations and early rapid growth
and overweight risk in the offspring. Epidemiology
24(6):791-799.

Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V,
Paumgartten FJR, Schoenfelder G. 2010. Urinary,
circulating, and tissue biomonitoring studies indicate
widespread exposure to bisphenol A. Environ Health
Perspect 118:1055-1070, doi: 10.1289/ehp.0901716.

Vandenberg LN, Hauser R, Marcus M, Olea N,
Welshons WV. 2007. Human exposure to bisphenol
A (BPA). Reprod Toxicol 24:139-177.

Vandentorren S, Zenan F, Morin L, Sarter H,
Bidondo ML, Oleko A, et al. 2011. Bisphenol-A
and phthalates contamination of urine samples
by catheters in the Elfe pilot study: implications
for large-scale biomonitoring studies. Environ Res
111(6):761-764.

Vanltallie TB, Yang MU, Heymsfield SB, Funk RC,
Boileau RA. 1990. Height-normalized indices of
the body’s fat-free mass and fat mass: potentially
useful indicators of nutritional status. Am J Clin
Nutr 52:953-959.

Wang HX, Zhou Y, Tang CX, Wu JG, Chen Y, Jiang QW.
2012. Association between bisphenol A exposure
and body mass index in Chinese school children: a
cross-sectional study. Environ Health 11(1):79, doi:
10.1186/1476-069X-11-79.

Weber DR, Moore RH, Leonard MB, Zemel BS. 2013.
Fat and lean BMI reference curves in children and
adolescents and their utility in identifying excess
adiposity compared with BMI and percentage
body fat. Am J Clin Nutr 98:49-56.

Wells EM, Jackson LW, Koontz MB. 2014. Association

1649




Hoepner et al.

between bisphenol A and waist-to-height ratio
among children: National Health and Nutrition
Examination Survey, 2003-2010. Ann Epidemiol
24:165-167.

Whyatt RW, Adibi JJ, Calafat AM, Camann DE, Rauh V,
Bhat HK, et al. 2009. Prenatal di(2-ethylhexyl)
phthalate exposure and length of gestation among
an inner-city cohort. Pediatrics 124:1213-e1220.

Whyatt RW, Barr DB, Camann DE, Kinney PL, Barr JR,
Andrews HF, et al. 2003. Contemporary-use pesti-
cides in personal air samples during pregnancy

and blood samples at delivery among urban
minority mothers and newborns. Environ Health
Perspect 111:749-756, doi: 10.1289/ehp.5768.

Widen EM, Whyatt RM, Hoepner LA, Mueller NT,

Ramirez-Carvey J, Oberfield SE, et al. 2015.
Gestational weight gain and obesity, adiposity
and body size in African American and Dominican
children in the Bronx and Northern Manhattan.
Matern Child Nutr, doi: 10.1111/mcn.12174.

Wilson NK, Chuang JC, Lyu C, Menton R, Morgan MK.

2003. Aggregate exposures of nine preschool

children to persistent organic pollutants at day
care and at home. J Expo Anal Environ Epidemiol
13(3):187-202.

Zalko D, Soto AM, Dolo L, Dorio C, Rathahao E,

Debrauwer L, et al. 2003. Biotransformations of
bisphenol A in a mammalian model: answers and
new questions raised by low-dose metabolic fate
studies in pregnant CD1 mice. Environ Health
Perspect 111:309-319., doi:10.1289/ehp.5603.

1650

voLUME 124 | NumBer 10 | October 2016 - Environmental Health Perspectives



